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Prospects for a Muon Spin Resonance Facility in the MuCool Test Area

John A Johnstone
Abstract

This paper investigates the feasibility ofperposing the MuCool Test Area
beamline and experimental hall to suppoiMuon Spin Resonancedility, which

would make it the only such facility in the US. This report reviews the basic muon
production concepts studied and operationally implemented at TRIUMF, PSI, and
RAL and their application to the MTA facilityTwo scenarios were determined
feasible One represents an initial minimsthielding and capitatost investment
stage with a single secondary muon beamline that transports the primary beam to an
existing highintensity beam absorbkrcated outside of the halAnother, upgraded
stage, involvesan optimized production target pile and higkensity absorber
installed inside the experimental hall and potentially multiple secondary muon lines.
In either scenario, with attention to target design, the MTA can host enabling and
competitive Muon SpifResonance experiments

Introduction

The MuCool Test Area (MTA) isreexpelimental areathat wasdesgned to develop, test
and verify muon ionizaion coading apparatus using the intens&00- MeV Fermilab Linacproton
beam.The purposeof the facility wasto testthe basictechniquesand componentspropogd for
muon ionization coding in a proton beamjudged equivalentin impactto a muon beamfor a
Neutino Factory or Muon Collide. Since the expeaimental scenaios devdoped for muon
facilities requiredcollection, capture,and cooling of large-emittance, high-intensity muon beans
(~10" muonsat a repetition rate of 15Hz) conclusive tess of the apparatus required full Linac
bean, or 1.6 x 10" p at 15 Hz [1]. General Linac beam parameters are listedahle 1 for
reference. Howevebased oringaled shelding, but primarilydue to lineof-si ght -Laoye (4
penetrationgor cryogens and even larger gas vetits,integrated hourly rate in MTA currentty
significantly less than th&ll 15 Hz Linaccapability. Further, currently the primary beam is
entirely deposited in the muon cooling apparatus and a beam stop installed in the experimental hall.
Configuration control in terms of local shielding and active radiological controls have not been
feasble given the large physical parameters of the muon apparatus (such as the SC solenoid and
RF cavities) to improve intensity. In contrast, it is anticipated [i&R targets can be locally
shielded to gain 2 orders of magnitude in passive shielding gventt mor e t han 606 I
radially around the target and will be discussed in this repa@msport of the primary beaeither
to a highrintensity beam absorber buried in the bddownstream of the experimental hal
required oy alternatively,to a new absorber installed in the experimental hall (closer to the
production target). Both scenarios are investigated.

With the 2015 termination of the Muon Accelerator Program, and, specifically, the MICE
cooling experiment, the users of the beaméireephasing out and the current purpose of the MTA
experimental facility is ending with the 2017 Fermilab accelerator shutdown. The MTA is a
powerful, worldclass intensity proton facility and one exciting possibility with-risaching
applications would &conversion ta Muon Spin Resonance (USR) experimental facility.
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Table 1. Linacfull capability beam parameters

Parameter Value | Unit
Kinetic Energy 401.5 MeV
Energy Spread 1 MeV
RF Structure 201.24 | MHz
Bundh Length 0.208 |ns
Pulse Length 30 s
Max Particles Pa Bunch 1.6 109
Max Particles Pe Pulse 1.6 1013
Pe& Current 52 mA
MeanCurrent 38 HA
Max Bean Power 15.7 kw
Bean Emittane (99%) 8 mm mrad

Muon Spin Resonance

Muon Spin Resonance involves embedding polarized, positively charged muons in a
sample material which allows the properties of the material to be measured and characterized at
the microscopic atomistructure level. The muons produced must be of suffigiéoiv energy
that they stop within a few millimeters of material. Intense muon beams are currently produced
first through bombardment of a led production targetvith protons The pions produced in
nucl ear reactions t hen ofdtheraductidghadatget mte bw énergye ar t
muons with pol ar i z aaties decagssntola 4.526 Me¥ sor 29.0992 MeV/c,a
u*and a neutrino). The polarized muons are transported via-arlevgy beamline to the sample
material. The spin ohie muon couples to the local magnetic field of the material, making them
sensitive probes of the magnetic environment. Thd pcays wi t hiy2497gshor t t
to a positron andwo neutrinos, with the positron emitted preferentially in the dioacof the
initial p* spin. Detection and measurements of the positrons reveals evolution of the p
polarization in the sample material, from which the properties of the target material can be
determined.

The YUSR technigues have found widespread apjaitatcross diverse materstience
fields, including atomic and molecular structure, solid state physics, superconductivity, and
chemistry [see, for example, ref. 2]. presentthere are four operating accelerator uSR facilities
in the world, with TRIWMF hosting theonly North American centeAt ISIS, PSI, and-PARC
the proton beams are optimized for production of neutron beams for neutron scattering
experiments, not muon production. Muon productrons parasitically adapting toneutron
production with strict limits on the degree to which the primary proton intensity available for the
neutron prograntan be reduced. TRIUMF is the exception but its primary role is to service a
wider nuclear community. The TRIUMF mudacility and operationwould most resemble a
future uSR facility at MTA
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Scenarios for bR at MTA

There are two primary figures of merit in uSR production, the target design and the facility
intensity. Target considerations include the nuclear interaction lengthphysical length, and
its surface area. The second figure of merit is the yearly number of Protons On Target (POT) that
can be delivered. As the MTA facility now stands, one present (option a) and two future scenarios
(b and c) are explored; the presstate of the facility, option a), is not considered competitive

a) Current Facility: The curent MTA experimental hallis limited to 5.3x10
POT/year (60 pulses/hr)and in the upstream stub.3x1® POT/year (600
pulses/hour)for a 10% radiation interaction lengtiarget [3,4 due to large
penetration$or cryogenics, gas lines, and ventasgan be seeim Figurel. (Beam
pulses carme talenat 15Hzsequentially within an hourmeframeand then beam
paused at the limiintil the hourexpirees)

b) Re-purposed MTA: If penetrations are filled, the hightensity beam absorber
located at the exit of the hall in the berm can be used forihighsity 15Hz Linac
operation. Recent lllinois, statictated groundwatecontaminant levels limit
POT/year to 2x1¥[5]. Local target shielding ~6 6 r adi al ly of st e
should permit0,000pulses/hour to be supported, or full Linac intensity. However,
the phasespace acceptance of therried bermpipe tdhe highintensity beam
absorbeiimits the target interaction lengthwc to 5% and a light Be target, as
derived in this report. This option represents an immediate, low cost approach to
initiate a USR facility in the near term within the operationaistaints of the
current civil construction with limited added shielding. Due to the target limitations
imposed, option c) was added to allow a broader scope investigation into enhanced
surface muon production and collection, especially in regard to tgettand
absorber design

c) Conversion to aTarget Hall: This option assumes the MTA experimental hall
can be converted inehigh-intensitytarget hall with @argetpile followed closely
by a highintensity beam absorb@wvhich must be similar in concefat the existing
beam absorber for full intensjty The restrictivegroundwater specificationsill
remain essentially identicaince the beam heighimits shieldingthat can be
installed An enhancd muon prduction targetonethat wouldnotbeaslimited by
beamblowup,would permitincreased multiple scattering whether through higher
Z ora longer targedindtherebyincreasgion productionSurface muon production,
however, is complex and there are limits the transverse dimensions of the
downstream absorbeand to backscatteiand radiation levels in the hallOther
issues such as air activation would need to be addressqutemdiallystructural
ones such as the loadpeaity of the floor. Tis is alonger term, gnificant and
highercostmodification to thdacility and operation
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Figure 1. Large (u p t ppenktéations near ceiling of MTA experimental hall for
cryogenics

For comparison, TRIUMF accelerates ¥Iffs to 500 MeVtypically runs at 10020 pA
[6], and delives, onaverage;-1.5x132 POT/yearto a muon production targéthe PSI cyclotron
operates at 590 MeV with a proton curreh2200nA [7], thus potentially delivering a maximum
of 4x10* POT per year on two graphite production targk3$S produces the only pulsetR
beam, deliverin@.5x103 protons at 50 Hpnto a graphite targé®]. Muon production, however,
at ISIS is limited to a 4% production target due to their downstream neutron prddramulsed
Fermilab Linaaelivers about a factor of 4 leggsotonsthan ISIS, mainly due to the repetition rate,
but, as a dedicated muon faciljiy could, in principle, support an enhanced production taije.
PSI facility supportseven secondary derivative beamlines, #ditedent viewing, or production
anglesexploiting the isotropic nata of surface muon productioAt the MTA facility three such
secondary muon beamlines could be implementdte lines would probably require extension
through the rollup door shield wakurther,ISIS nER experimenters report thaalf an hour of
irradiationcan yield sufficient statistics for an experimsrdgample spectrun®]. This translates
to ~2x10'® POT, or about acouple ofhours of full Linac intensityassumingan ISIS productin
target The groundwater yearly limihoweverjf not mitigated through increased shieldiagyuld
restrict the number @xperimentshatcould occur at MTA/yeato about D. This would advocate
for a new absorber design if the star density coulgtheced or radiation levels monitored which
is possible within the hall.

This report first explores a dedicated muon facility primarily in terms of an optimized muon
production target without regard to ciwmhpact orcosts and then discusses and derwkat the
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present facility can support througimodestupgrade This latter proposal provideslow-risk
immediate path to aSR facility. The three beamlingsoposedcould be supported in either
scenario.

Muon Production

Specificationsfor anSR productiontargetentaila) high yield ofpionsdecayng to muons
in the targetb) maximizing therate of collected surface muomrgd c) minimizingoroducton of
unwanted particles; i.electrons and positrons, neutrons, scattered protons, and gamma rays.
fraction of the pionproduced have sufficiently low energy that they lose their entire momentum
within the target anddecay at rest producirg low, narrowenergy band ofmuons witha high
degree opolarization in thaliredion of travel Pionsthatdecay in fight sufficiently close tahe
production targetto be collected), cloud muorsave a lower net polarizatidrecause of the large
uncertainty in parent momentuamd represena backgroundOnly nuonsformed close to the
targetsurface orsurface muongscapandtheseare positive because legnergy negativewuons
are captured bthetarget nucleiA high stopping density of lovenergy pions in the target one
goal of the target desidn producean intensesecondary beam of surface muons o$-10° m+/p.

Surfacemuons exhibit aomentunof 0-30 MeV/c, depending on the depth at which they
were producedMuon capturdor a uSR secondary beamlingypically occurs in the momentum
range26-28 MeV/c (34 MeV kinetic energydp/p of £5% to allow collection,beam transport
andstable optics to the experimental targdtthesdow energies, there is minimiala few percent
T contamination from iflight decay nuons. Low-Z materials have been used for abR targets
to datebecause they maintain a high ratgimin production while minimizing the contribution of
multiple scattering to the outgoipgimary proton beanOptimizing production target design is a
norttrivial undertaking, with the muon yield highly sensitive to die¢ails of the targetoupled to
secondary muon beamline desigrheTollowing discussion illustratesensitivityto the details of
the targeby summarizing findings from simulatioperformed for the ISIS facility.

Extensive GEANT4 simulations of muon production on the ISIS graphite prod tentgat
have been published [10]J1Although the calculations used ISIS as the refergheeonclusiors
and conceptdor optimizing the productiontarget designapply in general The ISIS muon
production target is a thin 7 mm graphite installed at’eadAgle with respect to the proton beam
andinstalled upstream of the neutron production faciliuonsare extracted at 9Qelative to
the primary beam.

Simulations ofmuon yieldsas a function of incident proton energy from threshold to 3
GeV were studiedor pions produced at 30 MeV/c or léss 10° POT. The results are shown in
Figure 2which clearlyshowapeak yield around 500 MeV as the optimal proton energy for surface
muon production(Total pion cross section and production increases with emergyurface and
low energy muos that escape the targdtow this strong lovenergy peall Also indicated is the
relative yield that would correspond to the MTA energy of 400 MeV. This i3580 of the peak
yield and isencouragingly, equal to the ISIS 8V result.
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Figure 2. Variation of p* yield with incident proton energy[10] for muons with momenta
O 3 eV/c; i.e. surface muons.

This is to be compared with the total pion production whktobnglyincreases with energy:



FERMILABM-2652AD-APC

20

%

50 500 750 1000 1250 1500

- T (MeV)

Figure 3. Total singlepion production cross section dependence @roton energy[12].

The ISIS nominal beam current is 200 pA at 800 MeV (1.25'X 4/8). However, only a
small fracti on of3®pishsagailablefer pSR(stadiesosA mraton Bansmissiod

rate of ~96% and low multiple scattering must be maintained to ensure that the neutron program

is not significantly impactedSuch a constraint is not immediately applicable to a uSR facility at
MTA where with additional shielding the primary intensity could potentially reach 243>pA0
at full Linac capability; equivalent to ISK8uon productiorior a 244 | nycl Betarget,for example,
which is one of the targets implemented at TRIUME Onelimitation of the current MTA
facility, as will be discussed in later sections, is dogs transmission to the hightensity
absorber, unless a new absorber or civil modifications are made to the existing atidueberxt
sections discuss relevantdat considerations for muon production.

Surface Muon Production

Although pion production is forward/backward angle asymicetsurface muon
production isisotropig as expeted from a pion at resandnot stronglydependent omcident
primary proton engy (threshold is 280 MeV) To demonstrate this asymmetrigetmomentum
distributions of pions and muomser e cal cul ated as
insideof 2(° relative tothe forward and backward directiod®]. The pion distribution is strongly
forward biased (which increases with beam energy). By contrast, the muon morsbotusno
backwardforward asymmetry{suggesting that collection of backward muons is preferable for
transporting a cleam” bean). Figure4 shows simulation results atepresentative energy of 500
MeV for theincident protons [10].

f un‘andpyon s

of
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Isotropic production is very powerful in that it allows the prospect of multiple secondary
muon lines viewig the same production target at different angless implementedt PSI where
7 beamlines acce$so production targets(ISIS has two 90beamlines but on opposite sides of
the targed. However, the forward pioasymmetry implies that a forward angle viewing within
20 wouldlikely intercept tailof the primary proton beasvenfor a 4% graphite targeA balance
must be achieved between multiple beamlines and multiplesogitthe latter a function tdrget
length and atomic numberFor the ISIS 45, 7mm graphitetarget,a beamline culd notbe
implemented near the defini®) (gms is only 2.23 mr). For longer, or heavier, targets, the
effects of multiple scattering increased must be considered in the orientagod acceptance of
multiple secondarybeamlins. The next section discussetudies to optimize production and
collection (escape) of surface muons into a secondary beamline.
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Figure 4. Pion momentum distribution for 500 MeV protons incident on graphite (left) and
correspondingu* distribution (right) inside forward (green and blue)and backward (red
and purple) within 20° [10].

Target Design

Low-energy, surface muon yieldhgghly sensitiveto thegeometriadetails of target dégn
and relative orientation toollection. A surface phenomenamecessarilyinvolves maximizing
surface areaminimizing secondary pion absorptiand importantly,promoting the diffusion of
ultrarlow energymuonsto the surfaceavithout significant energloss Only muons athe hidh-
end of the productiospectrum are collected by thecendary beamling-27 MeV/c £5%which
is a large momentum acceptance for a beaml@ptimizing the prodction target for surface
muonproductionemphasizes ioreasing surface area to volunpepducing more muons netire
surfaceimplies thin targetswvhich also reduces secondary piorabsorptionand energy losa
transit.Increasing the target angle away from the normal is a highly effective way to increase the
number ofnuclearinteraction lengths without consequentially impactihg surface to volme

8
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ratio and muon mean path to the surf&t@wever, he collectionacceptanceand transmission of
the secondary line must be factored into the optimizas®nt establishes limits on target
optimization parameteiisassociatindgarget dimensioswith secondary beamline acceptanta
example Z dependence anthrget length are not simpleontributionsas they arein pion
productionor in conventionapredominany forward secondary productidmes Higher Z and
shorter target lengths coulish principle allow thinner targeteind increased proton interactions
for the same acceptance solid andlat increased largangle primary proton contribution to
backgrounds must kessessedlong with primary beam containment

In the ISIS studyto madmize surface, theesearchers simulated splitting the graphite
target into slices along the beam pattile maintaining the nominal proton transmission efficiency
of 96%and studying the impact oumber ofslices andseparationTarget angle was alstudied
to enhance the effective target lengtid collection efficiency Splitting theslab into two slices
doubledthe surface area without iasing the total thicknessnore ponsdecayat rest neathe
surfaceallowing more muons to escape the &rgoughly, as the slice separation increased more
surface muons escapdrom the target region and were collected. Collection saturated
approximately50-60 mm separatiofor a45 target angles shown in Figure @vhich increases
the total interactio length by 40% from the normalAs mentioned, practical assumptions as to
the acceptance of the secondary muon beamline must be incorporated into the target optimization
in order to properly analyze and compare target concepts. The ISIS beamlints coliéace
muons across a solid angle@®71 steradianthrough an 8 cm Al window located 15 cm from
the center of the target. This window aperture also reflects quadrupole apertures in the secondary
beamline. If this secondary lirreceptance is folded in, the number of slices and slice separation
reach optimal valueat 3 slices and 20 mm separatasshavn in Figure6. Dependence omtget
angle waslso studiedut optimization ultimatelydepends on the beamline(s) orientatidfor
the ISIS study, the 43arget angle was optimal but thehe beamlines are normal to the primary
beam directionWithin the existing ISIS extraction and transport configuration these simple
modifications to the ISIS target were predicteddoible he detected surface muon yield (from 7
x 10° u*/p to 15.5 x 1@ p*/p). If the primary proton transmission is not constrainedyviee
targets can be considered.
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Muon Production rate for a slab geometry target
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Figure 6. The number of surface muons collected at the ISIS entrance window to the muon
channel beantine with distance showing coupling of target design to muon beamline design
[13].

Target Material

The target material and design, especially in terms of tagggding must be considered
simultaneouslyAt PSI a 1 Hz graphite target wheel with radiative cooling is {igebut at ISIS
active edge cooling is us@®]. Required thermal and mechanipabperties are discussed followed
by a discussion of pion production and Z dependence.

Thermal and mechanical properties

Like ISIS, theFermilabtarget mussurvivethe extreméy high peakenergy depositioof

an intense pulsed proton beés® mA, or20 MW, delivered in 30rsec). The target musot only
survive (and dissipatethis instantaneougnergy @position, but alsehe thermal shocknd the
longertermradiation damagelhe vacuum conditions exacerbate the temperature so only target
candida¢s with high melting points or the ability to rapidly conduct heat away are considered.
This limits the target materials effectively to Be, graphite, Ti, Cu, Ni, and W whose melting points
fall in the range from 1287 to 400D. Only Cuis lowerat 1085C, but is attractive for its superior
high conductivity and, thereforepnductivebasedcooling propertis. (t was found to be the best
material for the core of the hightensity MTA absorbell4,15. Note that in Figur&, steel melts

11
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in the Fermilafull-intensity beam.)Low expangn coefficients are also deable (Be). Niis a
choice for its high melting point (1760) and stress resistance.

All -Steel Target- Temperature of Hot
spot
1600
1400
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@] /
=1000
g /
> 800 //
Q.
£ 600 7
|_
400
200
0
0 100 200 300 400
Time - sec

Figure 7. An all-steel dump operated at full Linac intensity[16,17. Steel melts after 3
minutes ofbeam at 1370 C for full beam absorption

Z-dependence

Overall pion production and muon yietiépends ormchoice of target materias well as
geometry To date, lowZ materials have been chosen at®R facilities in order to maximize
pion productionand minimize both the rate of absorption of secondary pions and multiple
scattering of the incident proton beam by the production tdngeltiple scattering to nuclear
interactionlength is lowesfor Be). Muon yield simulatedor three different targetaterials
beryllium, graphite, and nickeds afunction of target thickness is shown in FigureF8r a
dedicated uSR facilitynickel would produce a much higher muon yieldrttboth graphite and
beryllium for targets of equal length. However, when amalyin terms of the yield per nuclear
interaction lengthinterestingly Ni and graphiter@ equivalentand both are more productitren
Be as shown in Figure Fhis analysis needs te repeated for 400 MeV protons.

In a dedicatedhuon faciity where the primary proton transmissicenberelaxed tcaless
critical tolerancefor the same thickness (maintaining #tlvantage ofurface to volume ratiand
beamline acceptancandthe samearget geometryanickel targeé, for examplewould produce
asubstantidy highermuon yield than graphite and berylliwdne todecreased nuclear interaction
length [Pion production on nuclei is highly complex, however, and not well understood:
Phenomenological parameterizations “6f production follow a Z"®* dependencevhereas’"

12
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production varies witthe number of neutrons as’Ri(see, for example, ref. 18ligherZ target
materials up to tungsten can be investigated and compared to the graphite targasismdy
equations derived belowThe caveat is thathe radiatiolength is decreasing rapidgp thesize

of thedownstream primary beamirscreasing moreapidly than pion production witthe size of

the absorbecore growingin proportion togms. A comparative analysis of the two competing
specifications is performed her@ontamination levels from the scattered primary proton beam
into the secondaryne, howeverwould have to be studied in detailafunction ofgrms, beamline
orientation, acqatance and optidsefore a target and beamline design can be confirmed.
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Figure 8. Comparison of muon yield for 800 MeV incident protons o different materials
a function of target thickness [10].
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Figure 9. Comparison of muon yield for 800 MeVincident protons on 3 different materials
as a function of interaction length [10.

In order to design a beawaptureand/or transporsystem,limits must be set othe
properties of theutgoing pimary beam cone since the parameters of this condoanenated by
multiple scattering in the production targ8pecifying the gross properties of the downstream
primary beam can baccomplished usinghe multiple scattering anglas defined by the
conventional equatiofior example, ref. 1P

p @0 Qw .. a
— — =~ T8t E+—
no o P qu

If the ratiolwgt/ | raa is fixed, themgms, orthe opening conangle,is determined independent
of target material.

Q —n 0'M1 OO E &1 D DE O

Assuming that jon productionn a target scales to a good approximatiatt thenumber
of | nuc, Of the targetstarting at graphitas Figure9 implies (lighter elements appear t@ve a
reduced production value) then relatpien productiorcan be estimated in termsfaind the ratio
of radiation interactiofengthto nuclear interaction length.

(‘] “Q ’?’g2= r] C ’?’Q “C;
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Then to estimateelative pion production as a function of target material, one can
normalize to carbon.

Since we know rag and | nyc for 12C, a table of thgion productiorratesnormalized to
carboncan be generated independent ofvhkie of multiple scattering assumed floe primary
proton beam.For a fixedgms, then, theseresults arendependent of target lengtihe pionrate
canalsobe compared against a fixed target length where the Z dependence dominates, but the
scattered primary beam size grows muatdr rapidlyreaching physical design limitepending
on the facility and shielding accommodati¢spallation source shieldingedign cannot be
applied).There is little dependence of the relative absorber dimensidmsasget length for 1 cm
to 8 cm which are reasonableoates for a 40MeV proton beam based on equivalent beamline
apertures.

Table 2. Relative Muon Production normalized to*?C for the same outgoing primary beam
properties. Note that Be does notcale proportionally to the relative production equation
and muon yield is assumedo be abouta factor of 2 lower per Figure9.

Target | rad | nuc grms CcOnstant ligt constant Relative size of
Nuclei (cm) (cm) Relative Relative absorber

A DOT AC A POT A(C lg=1cm/ 8cm
4Be 35.28 42.10 ~0.54 ~0.46 0.72/0.72
6C 19.32 38.83 1.00 1.00 1.00/1.00
22Ti 3.56 27.80 0.25 1.40 2.50/2.48
28Nl 1.424 15.06 0.19 2.58 4.09/4.06
29Cu 1.436 15.32 0.19 2.54 4,08/ 4.05
74W 0.3504 9.946 0.07 3.90 8.71/8.60

Column 3 in Table 2eflects the factor a fixedgrms the ratio ofl rad to | nuc is decreasing
dramatically with atomieveight The dependence bfad On atomic weight is given H0]:

Thenuclear interaction lengils a much slower function of atomic weidgB0]:

oW qua

Althoughqualitative, this approachrgvides a reasonable measafehe impact of target
materialbeginning at graphitespecially when it is noted that td&/dx of pions and mans is
similar andtheir contributionsapproximately cancel [7The inerpretation othese results ighat
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for the secondary beam, the target insertemgth is essentially fixed asletermined bythe
beamlineacceptance and muon yield always increases with the Zoaitdownstream absorber
thedesignis determined by the scattered primary beardpeak muon yield is maximized with a
graphite target.These are conflicting optimizations, bhetrapid change ihrag dominatedo the
extent thatpracticaltargetdesignshaveuseal graphite or berylliumand remain the materiabf
choiceevenfor dedicatednuon facilities. For an absorber in the MTA hall, titanium might be an
acceptable choice but provides only 40% more muons at a aostrethan a factor of two in the
downstreanprimary beam size andla¢ed absorber core dimensidnbut such an absorbeould

be located inthe hall close to the production targebffset increased sizealthough proximity is
limited by backscattered radiation.

In summary, imits on the downstream primary proton beam mustdtablishedn order
to design a feasible primary beam absorber and keep background levels in secondary lines to
acceptable levelsespecially for such lovenergy low-rate secondary linesCéntaminatia from
the primary beam and other production products are a serious design consijlelfatioly the
solid angle acceptanag the secondary linés considered, then replacing the target with the
heaviest nucleus possible produces the highest muoragipidximately proportional to'2. [18§].
Meanwhile the size of th@rimary beam andbsorbeis increasing much more rapidiyan pion
rate is Still, if the acceptance of the line is defined and limits placed on the downstream primary
beam, the targeZ dependence can be revisitéithe tradeoff is betweesecondary beamline
acceptance and a feasible downstream absorber.

These results confirm ¢htargetresearch ofiSR facilities even dedicated oneshich
exclusively use the lighter Z targets, beryllium and grapfrgeentlyboraon carbide has been
proposed7]). Spallation targethave been studieghd rejected7]. Of all the facilities,TRIUMF
sustains the largest multiple scattering @fititident proton beam with a 2éll nuc and a 2861 rad
Be target resulting in overr@r forgms. For comparison, ISIS is only 2r@r. There are, however,
practical limits to the extent of the target which can be used and still effectively collect surface
muons, the reason being that these beamlines are not forward as in normal secondary production
lines but are at large viewing angles with respect to the direction of the incident proton beam due
to the isotropic nature of surface muon producttmmbined wih the requirement for low
backgrounds These lines argenerallyat large angles (ISIS is 9@nd on either side of the
production target) A practical candary beamline acceptance is din@ting factor on the extent
of the production targdbr this case and is discussed ndrtdependentlythe production target
length is limited by multiple scattering in terms ¢dakage of the primary beasnd other
production productsto the secondary line.

Secondary Muon Beamline
Practical asumptiongoncernig the secondary beamline acceptance and orientation must
be folded into the evaluation of target details in order to rea&na preliminary recommendation
for the target titkness and configuration forfaasiblenBR implementatiomt MTA. The ISIS
conditions are most similar to present 408V apertures and available cooments for a
secondary beamline; i.the 8 cmdiameterAl window and downstream aperés are comparable
tothe 83 cnm 3. 250) apertures ¢ h aowiglocatedils dmifrom tbef MT A
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center of the target subtendidg= 0. 071 ° . T leeollectSdurgacemeamsrfiom 130
and £5mm, and within35 and 180 mr, horizontally and vertically, respectively, whexected
back to the targefhe acceptance tiie ISIS secondary muon beam line is a geometric emittance
of about 1000 mm-mr anda dp/p of ~ £5% relative ta central momentum of 26.5 MeV/dn

the single targesimulation a 7mm thickness and a4&ngle gaveapproximately 7x18 surface

nT/p transported by the secondary beamline to the experiment.

What is exciting about the MTA target is that tihw® slice approach can be extended to a
thicker sample for two slices or threstices without a transmission constraintThe 2-slice
geometry for now, is assumed along with a-3% target orientationvhich has been shown to
increase muon Yyield without compromising collection from both sl target. The projected
increase in muon collection is a factor of 2 based on the extensivsti@i8s For an 8 cm target
insertion length, roughly the acceptance limit of an 8 cm apentur@al orientatiorbeamline,
two thicker, Xcm slices can be installed with a 2 cm separation and 2 cm upstream and downstre
for surface collection andssumng a45 orientation anglegivesa total 2.8 cm target length along
the beam directianThis configuration yields a factor of 2 from two slices andadditional factor
of 2.8 from increased target thicknesghe net gain in muon yield potentialiyxceed that of an
ISIS beamline.

In summary,arget and muon beamline designs are complex;d#pendent, and must be
designed togethenn the studies cited optimization of muon yield was constrained in the
simulations by modeling of the existing extracteommd muon transport hardware configurations.

Due to the potentially large enhancements of yield attainable, investigators emphasized that even
higher yields could be achieved if detailed target design preeededere subsequently matched
to extraction collection,and transport considerations.

Target Conclusions

The conclusions as to target material can be understood simply. If graphite, for example,
is replaced by nickel, clearly the muon yield will increase but so also will the outgoing primary
bean cone However,f anickeltargetis replaced with an equivaletatal number of nuc carbon
target, tha thepion production and muon yields will be as much as a factor of 4 higher for the
same downstream primary beam propertiéste that the graphite target will be ~2.6x longer)
However, he length of the target insertiamcoupled tand limited bythe design of the secondary
line.

A titanium targetfor examplewould increase the muon yield by about 40% at a cost of a
mua larger ~2.5x, primary beam absorbesre By comparisonthe target geometry is neor
effective than Z dependencecreasing the muon vyield by about a factor ofwRhout a
corresponding increase in the absorber cross section. A combination of geamieEmay be
optimal but requires detailed production, collection and transport modeling.

What can be determined is the present capability of the MTA in comparison witi I&IS.
FermilabLinac is a factor of 4 lower in proton intensity than ISIS. Hesveremoval ofthe 96%
transmission limitcombinal with target improvements enabde secondary beamline with
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potentiallycomparable and possibhygher rate of secondary muons on the samyeerialover
ISIS performanceThe net 2.8 cm long targptoposedepresents &.2%! nuc and al4.5%l rad.
As will be shown in a detailed discussion of current MTA capability, any value above b%acfor
and this assumes beryllium, not graphitequires a new implementatiasf a highintensity
absorber, mostikely installed in the experimental halbtill, the proposed target can be
accommodated by laall absorbedesign similar to the current hightensity absorbeif target
geometry optimization ialsoapplied, the projected muon rate exceeds ISIS capability.

MTA Overview

TheMTA experimental facilitys supported by primary beamlne that extracts, transports,
and delivers 40MeVH beamdi ect |l y from the Linac tRAsbubb a
which opens i nt dallaThedséction bbeamigheupse@nd of ta stield wad
housed in an enclosure contiguoushiite Linac and is not accessible when the Lawelerator
is operating. Any access to the Linac side of thenbme is disruptive to Linac operations and
generally is only allowed during an Aopportun
upstream beamline section is not operationally appropriate for a production-tdeggite the
increased Linacbkem s hi el di ng of -curgedtLimasoperaianmaintairdslofv or f u
occupancy radiation levels outside of the shieldinghe first experimentally accessible area
downstreamof the wall is asecton of the beamlinehousedi n  astulBtftabopens into the
experimental halla civil remnant that remains from the 40@v upgrade to the Linac. THe2 6
shield wallthatseparates the upstream section of the beamline from the downstream beamline stub
and experimental hals complicated by the RF waguides embedded within the shield wall,
although in principle this could be disassembled through an existing hatch, but at a high cost. (If
additional Linac signals are required or power cabling this may have to occur, but requires a crane
wi t h ~ InQ thdhe resent enclosure configuration,ghield wall allove personnehcess
to the beamline stub anelkxperimentalhall during Linac operations which is ideal from an
experimental user standpoint.

The layoutof the beamline from the Linac through the shield wall to the high intensity
dump is shownn Figure 10 [3,4]. The MTA currently supports twawodes of beam operation:
beam delivery tanupsteam emittance beam absorber located at the end of the stubemhfibr
performingdetailed measurements of Linac beam prop€i2is and beam delivery tothe MTA
experimentsThesecond modean either utilizea colimator and local absorbassembly that can
be re-positioned as needed with respect to the expet@mhe@pparatusAnother variation in the
experimental mode of operation allows for beam downstream of a sttefityed experiment to
be delivered to the higimtensity beam absorber buried in berm downstream of the hall. This latter
mode has yet to be plemented and appears to require downstream magnetic components to
confine and direct beam to the higttensity absorberPresent limits for the two modes of
operation are: 600 pulses/hour @6 x 10 protons/hour for beam measurements and 60
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pulses/har or 9.6 x 1&* protons/hour to MTA experimen{d6,22,23 1. The two modes are
referred to as th&Emittanc® mode and@Experimend mode, respectivelyBeam intensity
parametergor the two gerational modes are as follows.

4———— | Final beam absorber

| Emittance beam absorber

HE

e Shield Wall
3,

i N L R
et — Heavy Concrete

o

DFD triplets

Emittance Beam
Absorber

/

/

Diagnostic Point

Figure 10. MTA layout downstream of the shielding wall (top), andVITA layout straddling
the shield wall (bottom). Beam direction is from bottonright to upper left [3,4].

I Throughout this section discussion of existing intensity limits and shielding are obtained from refs. 16,22,23.
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Emittance Mode:

1) 9.6 x 1G° protons/hr 0600 beam pulses/hour of full Linac beam pulse intensity (1.6 x
103 protons/pulse) to the emittance beam absqide location of emittance absorber in
Figure 1). The yearly integrated number of protons would be 2.3'x 10

In the Emittance modeeam isalways deposited in the emittance beam absabdrthe
absorber is designed for 15 Hz operation at full Linac inten&itii¢rmal analysisvas done). The
allowed 600 pulses can be delivered sequentially in an hour which, in a thermal analysis, is
essentlly steady state so a higher number of pulses can be tolerated. Optics ofbetddwnac
diagnostic insertion are shown in Figure 11.
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Figure 11. Low betaLinac diagnostic insertion in Emittance modg3].

Experiment Mode:

2) 9.6 x 16* protonshour or 60 beam pulses/hour of full Linac beam pulse intensity to
experiments in the MTA experimental hdi. this mode, only 2.3 x £0protons can be
delivered yearly.

In the Experiment mode, two configuratgare supported as illustrated in Figures 12,13

a) Beam is cleanly transport@&d vacuumto theentrance of theigh-intensity beam absorber
shown in Figure 12Not shown in Figure 12 are downstream magnetic components which
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will be needed to control beam delivery without losses to the absorber. Toedatehbs
not been delivered to the hightensity absorber.

b) The proton beam fully interacts in the experimental apparatus and the final beam absorber
is not used. No downstream magnetic components are required for this configamation
this operational made has been utilized for experiments.
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Figure 12 The experimental hall showing Experiment mode configuration a) with a
vacuum pipe and no target in the hall. Beam can be cleanly transported by adjusting
the focal length of thedownstream quadrupoletriplet [3].
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Beam absorbed in experiment
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Figure 13. The experimental hall showing Experiment mode configuration with a
100% interaction length target in the hall so th& beam is completely absorbed [3

High Intensity Mode

In its current confuration the MTA area cannot support high intensity beams. In the

Emittance and Experiment modes the current shielding limitations restrict beam intensities to ~0.4
and ~0.04 pA, respectively, which is too low to be competitive as a USR facility. Inoadutit

adding MTA shielding which could be local it is clear that quadrupoles and steering trims in

the hall would be required to transport Linac beam cleanly to the high intensity absorber as losses
in the berm surrounding the beampipe to the absat®e not permitted. A simple layout of a
guadrupole triplet formed with 2adeV TQT quadrupoles is shown in Figure 14 for perspective.
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Figure 14. Conceptual exampl@ising a second downstream quad tripledf an experiment
configuration which minimally interacts with beam (estimated to be <10% of an
interaction length) where beam has to be focused onto the final beam absorljaf.

High Intensity uSR Absorber

Specifications for a new facility must include occupation of the experimental &atlsbn
maintenance requirements, residual activation ofpmorants, and a definirgiterionby which a
limit can be established on the total number of protons per year that can be delivered to the facility;
i.e. running conditions. Normally the totalmber of protons delivered is dictated by the physics
of an experiment, and highlyradiated components, such as beamline elements and targets with
handson restrictions are not normallg defining consideration but rather a shielding issue.
Generally, thee is low residual activation of experimental detectors, and, accesses, work, and
occupation of the hall is often limited once the experiment is in data mode. This is not the case in
a test facility where the total number of protons the facility can a¢opprational envelope) must
be specified using other criteria. Further, the occupancy of the hall may be freqaeah ia
facility with rotating experiments and maintenance on or chaungef irradiated components such
as the muon production targetagnbe potentially routineThe guidelines and administrative
control over radiation rad dose levels are more similay those established for accelerator
operation and maintenance, but potentially with the complication of higher occupancy levels.
Below ae rough guidelines that may apply to or must be considered with respe@ Rfacility.
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1) Handson Maintenance

Administrative controls at FNAL limit the equivalent dose received by users and
employees to 100 mr/week. A surfamentact dose of 40 mr/inequires increased supervision
and monitoring by radiation control personnel. Limiting the surtamregact dose to 40 nthr
(in the experimental halgndcarefuly simulatingtheuSRtarget and beamline (using MARS)
the activation of components can becatdted as a function of the total number of protons for
full Linac intensity. The point at which an exposed surface reaches 40 mr/hr can be used to
set the upper limit to the total number of protons which the facility can receive in a year. The
operatimal limit may be mitigated by lovactivation shielding installetb protectbeamline
components and instrumentati@€o mmonl y used atarblésebsmhicheah ar e
reduce residual dose by factors up to ~100x

2) Occupancy Limits

Work areas (which shubd include the majority of the hall) must be <5mr/hr, which is the
lower limit for a radiation area. Discussed in a later section, this limit has significant impact
on the design of the absorber at the beam exit of the experimental hall.

3) Total Number ofProtons per Year

The limit on the total number of protons per year can be set by activation of components
at levels tolerable for hanas maintenance. There is a sample simulation that was performed
for MuCool targets which might suggest an estimatdaHertotal allowable protons on target
(POT) per year and is discussed in the following section.

4) Beam Rarameters
The beam parameters ased must bedefined almost completely by clean transmission

to the beam absorber after th8Rtarget. That is, whaire the optics that essentially allow
99% of the beam to be captured and cleanly transported to thentegkity beam absorber.

An i mportant question is whether adequate of
experimental hall, and, if not, dene compromise the emittance measurement section which
is contained in the Astubo section. A preli

later section.

MARS Simulation and Results for MuCool Apparatus

A full MARS simulation was perfornteon the MuCool hydrogen absorber for a-A&V
(kinetic energy) incident proton beam of-3protons per pulse at 15 Hz (four 0.2 mm Al windows
and 21 cm of liquid hydrogen surrounded by a superconducting NbTi solgwjidimportant to
this feasibility study, power density, absorbed dose, and residual dose were calculated for
downstream beamline components and particle fluxes in the experimental hall. Little sensitivity
to a variation in beam size was found. These sitioms are important here in that they guided
the design of the higimtensity beam absorber and set initial limits on the number of protons/year
and the most effective irradiation and cdolwn scenarios. The POT limit is unlikely to
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significantly impacthe prompt residual dose in the experimental hall, but will impact activation
of components in the hall which were found to be more sensitive to beam irradiation and cool
down scenarios discussed next.

Activation and Residual Dose

Residual dose resultgere computed for 30 days of beam and 1 day of cooling for 10
protons per pulse at 15 Hz for various elements of the MuCoddrajys and beamline
componentsFrom this simulation for the peak dose on contact not to exceed 40 mr/hr, a total
beamtime of @0 days of full Linac beam, or ¥0p/year on MuCool apparatus, was found to be
the POT Ilimit. It should be noted that fewer days of continuous running did not result in a
corresponding reduction fact or -sitr tteeatddnieaveb t i on
Running for a day with an extended cooling period of a few days was found to be optimal for
minimizing residual dose rates in componefigures 15, 16) This past study may provide
approximate guidelines in suggestingogerational tempite for guSRfacility. One number from
the absorber simulation remains valithe absorber core activation of 9G@0hr. This simulation
was also cautionary in that it yielded high activation of downstream beamline compoleamtg
indicating the ned for protective collimators to shadow these components.

400 MeV proton beam of 1.5x10"* p/s: SC coils on contact
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Figure 15 Residual dose and cooling rates for SC coils on MuCool solenoi@his was used
to estimate surface dose vs irradiation scenarios.
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This simulation is also cautionary from tperspective that it yielded high activations of
downstream beamline componentseveral hundred mr/hr levels for 30 days of running on
MuCool apparatus and 1 day of coolihgndicating the possible need for protective collimators
to shadow these componsnParticular attention nesdo be paid to shielding the pS&rget.
Although the target is anticipated to be a 5% instead of 100% nuclear interaction length, the
activation even if the results are simply scalegllaghi approaching 50 mr/hr. Marbig a low
activation material and sufficient space is provided between components to insert protective
marble to shield cores and coils. The caveat is that simulations were performed for the worst case,
a 100% nuclear interaction length target.

The MuCoole x per i ment al hall has a | oad capacity
only ~10.56 of berm was 1 npZje e redueed heighdfroma t o't
196 to 12.506 was required to mat cImacenclostirdne 116
shielding and elevation level. The initial shieldingport R3] indicated heavy concrete was
intended to be installed to reduce radiation levels at the service of the b&rowasin Figurel7
(doserate from 0.25 up to 5 mrem/hr [R5This was not done aralradiation fence was installed
instead around the MTA berm. Alternatively, locahcretes hi el di ng can be i nst:
approxi mately two orders of magnitudeargemn i nte
location (the beamlineenteismor e t han 66 off the enclosure f
required to verify a local shielding design.

All the curves are for a 100% L.L. target
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Figure 16. The calculated potential residual dose at one foot for Emittance and
Experiment mode, and 1.6 x 182 p/pulse, on 100% interaction length Cu and steel targets
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for 12, 24, and 1 hour periods of beam followed by a cooling period. A 100% interaction
length target represents the worstase [22
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Figure 17: Calculated shielding compositions for irondirt ( left) and BMCN-dirt (right)

sandwiches which provide the dose level of 0.5 mrem/hr on the top of the MTA shielding
at normal operation [23].

Beam Absorber Design and Simulation

The absorber was designed to support this upper limit?fot6tons per yean terms of
ground and surface water contaminants and surrounding shielding, but the design also limits the
prompt residual dose to the experimental hall to the <5 mr/hr limit. Attenuation of the prompt
residual dose was accomplished by restrictingalge ni ng aperture of the
of fsetting the absorber by about 66 from th
experiment al hall after 100 days of irradiati
from the entrance of the b sor ber and decays by about a fact
(The entrance of the absorber is about 240 mr/hr.) Although hitting the soil shielding around a
buried berm pipe is prohibited, a latr gded t(ol 02
mr/hr (approximately in the ratio of the pipe radii). FigiBbelow shows the MARBodel of
the absorber for prompt residual dose in the hall and fouledilen of star densities, which are
shown in the subsequeirjure.
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Figure 18 Particle trajectories in the experimental hall, beam on (left) Layout and

dimengons of the MTA beam absorber (right). An absor ber aperture/ bern
di ameter and offset by more than 56 brought t
defined radiation area in the experimental hall. The inner Cu wedge (right) is a solid billet,

surrounded by steel, concrete and soil, respectively. The light turquoise represents the albedo

trap and beam pipe.
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Figure 19. MARS calculated star density distibution. The coordinate system begins at the

front face of the steel at the entrance to the absorber. In the region between about 0 and 50 cm

and 225 and 275 cm horizontally and 0 and 75 cm vertically lies the steel surrounding the core.

The core itselfies between about 125 and 225 cm horizontally and 0 and 25 cm vertically. The
steel is followed by about 18 cm (¥26andof <conc
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greater than 300 cm horizontally and above 115 cm verticalbghematiciew of the beam
aborber is provided ifrigure20.

Figure20 Ci vil plan | ayout of the beam absorber
experimental hall.

Beam Absorber Design

The main features of the beam absorber were designed to meet combined operational and
occupancy criteria and include:

1) Sufficient steel to attenuate the star density in the soil surrounding the beam absorber by 8
orders of magnitude as can be seeth@star density calculation of Figur.

2) 2206 equivalent of soil has been thesurfaceai ned
of the berm to drop radiation levels to unlimited occupancy rates;

3) A copper core was necessary to dissipate and distribeigeatier of the full Linac beam
(10 kW). This was confirmed by several ANSYS analyses of different core configurations.
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